The bacterial type VI secretion system (T6SS) mediates antagonistic cell-cell interactions between competing Gram-negative bacteria. In plant-beneficial bacteria, this pathway has been shown to suppress the growth of bacterial pathogens; however, the identification and mode of action of T6SS effector proteins that mediate this protective effect remain poorly defined. Here, we identify two previously uncharacterized effectors required for interbacterial antagonism by the plant commensal bacterium Pseudomonas protegens. Consistent with the established effector-immunity paradigm for antibacterial T6SS substrates, the toxic activities of these effectors are neutralized by adjacently encoded cognate immunity determinants. Although one of these effectors, RhsA, belongs to the family of DNase enzymes, the activity of the other was not apparent from its sequence. To determine the mechanism of toxicity of this latter effector, we determined its 1.3 Å crystal structure in complex with its immunity protein and found that it resembles NAD(P) ؉ -degrading enzymes. In line with this structural similarity, biochemical characterization of this effector, termed Tne2 (Type VI secretion NADase effector family 2), demonstrates that it possesses potent NAD(P) ؉ hydrolase activity. Tne2 is the founding member of a widespread family of interbacterial NADases predicted to transit not only the Gram-negative T6SS but also the Gram-positive type VII secretion system, a pathway recently implicated in interbacterial competition among Firmicutes. Together, this work identifies new T6SS effectors employed by a plant commensal bacterium to antagonize its competitors and broadly implicates NAD(P) ؉ -hydrolyzing enzymes as substrates of interbacterial conflict pathways found in diverse bacterial phyla.
Bacteria use secreted proteins to interact with their environment. Among the protein secretion systems that facilitate these interactions, the predominant function of the type VI secretion system (T6SS) 3 is to mediate antagonistic interactions between contacting Gram-negative bacteria (1) . The T6SS is a membrane-embedded protein complex that resembles the tail component of contractile bacteriophage (2) . Through cycles of extension and contraction, this pathway delivers effector proteins from the cytoplasm of a donor bacterium directly into the periplasm or cytoplasm of a recipient bacterium (3, 4) . Used by both pathogenic and commensal bacteria of eukaryotes, the T6SS mediates a complex interplay of bacterial cell-cell interactions between beneficial and disease-causing bacteria (5) (6) (7) (8) (9) .
The antibacterial properties of the T6SS are due to the toxic activities of secreted effector proteins. These effectors degrade conserved molecules required for cell viability, including cell wall peptidoglycan, membrane phospholipids, and chromosomal DNA (10) . Intracellular intoxication and intoxication of sister cells are prevented by the existence of cognate immunity proteins, which directly bind to and inhibit the activity of their associated effector (11) . Effectors transit the T6SS through physical association with one of two families of secreted structural T6SS apparatus proteins. Large, multidomain effectors interact with members of the valine-glycine repeat protein G (VgrG) family of proteins, whereas small, single-domain effectors associate with the lumen of ring-shaped haemolysin-coregulated protein (Hcp) (12) (13) (14) . The former of these two effector groups often contains conserved N-terminal adaptor domains that facilitate their physical interaction with VgrG (15), the best characterized of which is the Pro-Ala-Ala-Arg (PAAR) domain (16) . The cone-shaped PAAR domain possesses a flat hydrophobic surface at its base that strongly associates with a highly complementary surface at the C terminus of VgrG proteins (17) .
Pseudomonas fluorescens and other closely related plant-associated bacteria are well known for their ability to both promote plant growth and suppress pathogens (18) . Pathogen suppression by these organisms is accomplished, in part, by the production of diffusible small molecules that inhibit the growth of many disease-causing fungi (19) . More recently, the T6SS has been demonstrated to play a role in suppressing the growth of bacterial pathogens. For example, the T6SS of P. fluorescens MFE01 can protect potato tubers from blackleg disease caused by Pectobacterium atrosepticum (20) . Similarly, the K1-T6SS from Pseudomonas putida KT2440 allows it to outcompete Xanthomonas campestris during co-infection of plant leaves (21) . However, the contribution of individual effector proteins in interbacterial competition was not assessed in either study.
Despite the increasing number of characterized T6SS effectors in both Hcp-and VgrG-linked groups, their contribution to interbacterial killing by plant-protective Pseudomonas spp. has yet to be examined. Pseudomonas protegens Pf-5 (formerly known as P. fluorescens Pf-5) is a well-characterized plant commensal bacterium that is of significant agricultural interest due to its biocontrol properties (22) . In previous work, we showed that this bacterium possesses a potent antibacterial T6SS (23) . Furthermore, three Hcp-linked effectors have been identified by informatic and proteomic approaches (12, 24) . The contribution of two of these effectors, Tae3 and Tse4, in interbacterial competition has not been examined, although the third, Tge2, has been shown to confer a T6SS-dependent fitness advantage to P. protegens when co-cultured with competitor bacteria on low-salt media (23) . Tge2 is thought to hydrolyze the glycan strands of cell wall peptidoglycan, potentially explaining its efficacy when cells are grown under hypoosmotic conditions; however, the contribution of Tge2 relative to the overall fitness advantage conferred by the T6SS of this organism is minimal. These findings suggest that either Tae2 and/or Tse4 are responsible for much of the T6SS-dependent growth inhibition or that there exist additional uncharacterized effectors in this organism.
In this work, we sought to identify T6SS effectors responsible for interbacterial killing by P. protegens Pf-5. This led us to characterize two PAAR domain-containing effectors, which we subsequently show play a substantial role in interbacterial competition by this organism. Structural determination of one of these effectors revealed its mode of action as an NAD(P) ϩ -hydrolyzing (NADase) enzyme, a biochemical activity not frequently associated with T6SS effectors. To further explore the potential diversity of NADase effectors, we next used iterative homology search algorithms and identified two phylogenetically distinct families of T6SS NADases. One of these families also contains a significant number of proteins associated with the bacterial type VII secretion system (T7SS), a pathway recently implicated in interbacterial antagonism between Gram-positive bacteria (25, 26) . Taken together, our findings reveal a broad distribution of interbacterial NADase enzymes and provide insight into how a plant commensal bacterium inhibits the growth of its bacterial competitors.
Results

Identification of novel T6SS effector-immunity pairs in P. protegens
The recent finding that PAAR domains function as interaction partners of VgrG proteins has enabled the facile identification of PAAR domain-containing T6SS effectors in diverse bacteria (17) . We searched the genome of P. protegens Pf-5 for PAAR-encoding genes and identified two hypothetical T6SS effectors, PFL_6096 and PFL_6209 (Fig. 1A) . The former of these genes, which we named rhsA, belongs to the rearrangement hotspot (Rhs) family of T6SS effectors. Proteins encoded by rhs genes typically contain an N-terminal PAAR domain, a large internal segment composed of multiple tyrosine-aspartate (YD) repeats, and a polymorphic C-terminal toxin domain (27) . The second effector, PFL_6209, also contains a predicted PAAR domain at its N terminus; however, it lacks identifiable YD repeats, and its C-terminal domain does not bear homology to characterized proteins.
To assess the contribution of RhsA and PFL_6209 to interbacterial fitness under cell-contact-promoting conditions, various P. protegens donor strains were co-cultured with P. putida, a bacterium that also inhabits soil environments. P. putida was chosen as the competitor because we previously determined that the T6SS of P. protegens confers a significant fitness advan- Figure 1 . Novel T6SS effectors in P. protegens provide a competitive growth advantage during interspecies competition. A, schematic of genes encoding effector-immunity pairs in P. protegens Pf-5. Locus tag numbers are indicated below each gene. For each effector-immunity bicistron, shading is used to indicate the effector (dark) and its cognate immunity (light). B, growth experiments measuring the fitness of the indicated P. protegens donor strains in co-culture with a GFP-labeled P. putida recipient. For each competition, donor and recipient were mixed and incubated on solid medium for 8 h at 30°C. Initial and final populations were enumerated on non-selective media (P. protegens) or selective media (P. putida). The competitive index was determined by comparing final and initial ratios for each competition. Asterisks indicate outcomes statistically different from the wildtype competition (n ϭ 3, p Ͻ 0.05). Fluorescence images are a qualitative indication of the remaining P. putida at the end of each competition. C and D, growth in liquid media of E. coli cells expressing RhsA tox or RhsA tox and RhsI (C) or PFL_6209 tox or PFL_6209 tox and PFL_6210 (D). In both experiments, a vector control was included. Protein expression was induced at the indicated time point (arrow).
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tage over this organism (23) . We first compared the competitive fitness of wildtype P. protegens to that of a P. protegens strain lacking the three previously identified Hcp-associated effectors Tae3, Tge2, and Tse4. Under our experimental conditions, a P. protegens strain lacking these three effectors outcompeted P. putida to the same extent as the wildtype strain (Fig. 1B) .
We next assessed the competitive index of P. protegens strains bearing inactivating mutations in either rhsA or PFL_6209. Although the fitness of a P. protegens strain lacking PFL_6209 was indistinguishable from wildtype, a ⌬rhsA mutant exhibited a moderate reduction in its ability to compete with P. putida. Additionally, a ⌬PFL_6209 ⌬rhsA double mutant displayed a reduction in competitive index that far exceeded that of the ⌬rhsA donor strain. Importantly, this reduction in competitive fitness was not additive with a strain lacking T6SS apparatus function, indicating an epistatic relationship between these genes. In total, these data indicate that rhsA and PFL_6210 play a significant role in interspecies competition between P. protegens and P. putida.
Multidomain T6SS effectors typically harbor domains with toxin activity at their C terminus (28) . In line with this precedent, we found that expression of the C-terminal domain of RhsA (RhsA tox ) significantly inhibited the growth of both E. coli and P. putida ( Fig. 1C and Fig. S1 ). This growth inhibition was abrogated upon co-expression with PFL_6097, indicating that the protein product of this gene (henceforth referred to as rhsI) confers immunity to RhsA tox -mediated toxicity. The C-terminal toxin domains of several previously characterized Rhs proteins possess DNase activity (29) . Similarly, the C terminus of RhsA belongs to a superfamily of restriction endonucleases possessing a conserved aspartic acid dyad (NCBI conserved domain accession number cl00516) (Fig. S2A) . Site-specific mutation of one of these residues, Asp-1399, abrogated growth inhibition suggesting that this effector also exerts toxicity by hydrolyzing DNA (Fig. S2B) .
In contrast to the toxin domain of RhsA, the C terminus of PFL_6209 does not share homology with proteins of known function. Nonetheless, we found that heterologous expression of the C-terminal domain of PFL_6209 (PFL_6209 tox ) inhibits both E. coli and P. putida growth, demonstrating that like RhsA, the C terminus of PFL_6209 also encodes an antibacterial toxin (Fig. 1D and Fig. S1 ). Additionally, co-expression of the downstream gene, PFL_6210, confers immunity to the activity of this toxin. Taken together, our data suggest that P. protegens employs a nucleic acid-degrading effector and an effector of unknown activity to gain a fitness advantage over competitor bacteria.
Structure of the PFL_6209 tox -PFL_6210 effector-immunity complex
We next sought to determine the molecular basis for the antibacterial activity exhibited by PFL_6209. To this end, we first determined the 1.7-Å co-crystal structure of PFL_6209 tox in complex with PFL_6210 using selenium-incorporated protein and the selenium single wavelength anomalous dispersion technique (30) . The PFL_6209 tox -PFL_6210 complex crystallized in the monoclinic space group C2 with two copies each of PFL_6209 tox and PFL_6210 in the asymmetric unit. The electron density allowed for both copies of the toxin-immunity complex to be built in their entirety with the exception of the N-terminal hexahistidine tag and several vector-encoded amino acids that were fused to PFL_6209 tox to facilitate purification of the complex. The final model was refined to an R work of 18.1% and R free of 21.6% (Table 1) .
PFL_6209 tox resembles an interbacterial NADase and depletes cellular NAD
؉ PFL_6209 tox adopts a mixed ␣/␤ fold consisting of two ␣-helices and six ␤-strands ( Fig. 2A) . The toxin exhibits an overall globular form with the most notable surface feature being a deep cavity that extends ϳ12 Å into the core of the protein. This cavity, which we hypothesize includes the active site of PFL_6209 tox , is partially occluded by the C terminus of PFL_6210 (Fig. 2B) . A search of the PDB using the DALI server identified the toxin domain of the Pseudomonas aeruginosa T6SS effector Tse6 (Tse6 tox ) as the top structural homolog of PFL_6209 tox with a Z-score of 10.0. Despite having only 17% sequence identity between them, the toxin domains of PFL_6210 and Tse6 superimpose with a root-mean-square deviation (r.m.s.d.) of 2.2 Å over 97 equivalent C␣ positions (Fig. 3A) .
Tse6 is a cytotoxic effector delivered to target bacteria by the Hcp secretion island I-encoded T6SS (H1-T6SS) of P. aeruginosa (12) . It exerts toxicity by depleting cells of the essential dinucleotides NAD ϩ and its phosphorylated derivative NADP ϩ (28). Although its mechanism of catalysis is not known, it possesses several conserved NAD ϩ -binding residues found in bacterial mono-ADP-ribosylating toxins (31) . Two of these residues in Tse6, Trp-344 and Gln-413, superimpose with Phe-330 and Gln-387, respectively, of PFL_6209 tox (Fig. 3A) . Furthermore, Tse6 and PFL_6209 also share a conserved lysine residue near this predicted NAD ϩ -binding site. Despite these similarities, PFL_6209 lacks an invariant aspartate residue (Asp-396) found in Tse6 and homologous toxins that is required for optimal NAD ϩ hydrolysis. This aspartate residue is located within a highly flexible region of Tse6 tox termed the "activation loop" that forms a lid over the NAD ϩ -binding site in the absence of Tsi6. In contrast, the equivalent region in PFL_6209 tox does not contain any conserved residues and is significantly shorter. In summary, PFL_6209 tox possesses a putative NAD ϩ -binding pocket with both similarities and differences to those of Tse6 and mART toxins.
Given its overall structural similarity to Tse6 tox , we next employed a coupled enzyme assay to assess NAD ϩ levels in E. coli cells undergoing intoxication by PFL_6209 tox . As controls, the amount of NAD ϩ in cells expressing a bacteriostatic toxin that does not possess NADase activity (Tse2) and in cells expressing Tse6 tox was examined (28, 32) . Consistent with it possessing NADase activity, a marked reduction in NAD ϩ levels in cells expressing PFL_6209 tox was observed (Fig. 3B) . Furthermore, NAD ϩ concentrations were restored to near control levels by co-expressing PFL_6210. These observations suggest that PFL_6209 is a NADase enzyme and thus we henceforth refer to this effector as Type VI secretion NADase effector family 2 (Tne2). Given that PFL_6210 confers immunity to Tne2,
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we refer to this protein as Type VI secretion NADase immunity family 2 (Tni2).
Interbacterial NADase effectors are inhibited by diverse immunity proteins
Tni2 is composed of three ␤-sheets each formed by four antiparallel ␤-strands ( Fig. 2A) . Additionally, a single ␣-helix located between the ␤2 and ␤3 strands of the first ␤-sheet wraps around the ␣1 helix of Tne2 tox and comprises a significant proportion of the 1129Å 2 of total buried surface area between the toxin-immunity complex. Interface analysis by the PDBePISA server estimates that the free energy of complex formation between Tne2 tox and Tni2 is Ϫ12.4 kcal/mol and that their association is mediated by numerous hydrogen-bonding interactions (33) . Consistent with this observation, isothermal titration calorimetry indicates that complex formation between Tne2 tox and Tni2 is exothermic and that the proteins interact with a dissociation constant of 8.1 nM (Fig. S3A) . A comparison of the Tni2 structure to known structures in the PDB identified several ␤-propeller motif-containing proteins as having the highest structural similarity. These proteins include the substrate-gating domain of the trilobed protease from Pryococcus furiosus (Z-score of 8. (34, 35) . ␤-Propeller motifs are similarly composed of four-stranded, antiparallel, twisted ␤-sheets; however, they differ from Tni2 in that their ␤-sheets are radially arranged around a central pore.
Tse6 is also encoded adjacent to an immunity gene, termed tsi6, whose protein product inhibits its NADase activity. In contrast to Tni2, the Tsi6 immunity protein adopts an all-␣-helical fold that binds to a surface of Tse6 tox that has minimal overlap with the equivalent Tni2-binding site on Tne2 tox despite the overall similarity of the toxins (Fig. 3C ). In accordance with the high level of interaction specificity observed between T6SS effector-immunity pairs, Tsi6 does not interact with Tne2 tox , and co-expression of Tsi6 in E. coli cells expressing Tne2 tox did not abrogate Tne2 tox -based toxicity (Fig. 3D and Fig. S3B ). Given the stark differences between their overall folds, we speculate that the inhibitory activity of Tni2 and Tsi6 toward their respective NADase toxins arose through convergent evolution.
Tne2 possesses an NAD ؉ -binding pocket and degrades NAD(P)
؉ in vitro
We next sought to identify Tne2 tox residues involved in NAD ϩ hydrolysis. Given that the solely characterized catalytic residue of Tse6, Asp-396, is absent in Tne2 tox , little insight into its mode of NAD ϩ binding and catalysis could be ascertained from comparison with this enzyme. Therefore, we performed in silico ligand docking studies to identify potential NAD ϩ -binding residues. The highest scoring solution from this approach placed the nicotinamide moiety of NAD ϩ deep into the Tne2 tox cavity that is partially occluded by Tni2 (Fig. 4A) . In this position, NAD ϩ binding is predicted to be highly favorable with a calculated free energy of binding of Ϫ12.1 kcal/mol. Lending further support to our docking results is the observation that the adenosine group of NAD ϩ , which lies outside the Tne2 tox cavity, is predicted to sterically clash with Tni2 (Fig. S4,  A and B) . Thus, even though Tni2 does not completely occlude the predicted NAD ϩ -binding pocket, it appears to interact with the same surface of Tne2 tox as the adenosine moiety of NAD ϩ potentially explaining its effectiveness as a Tne2-specific immunity determinant.
To pinpoint functionally important amino acids that compose the NAD ϩ -binding pocket of Tne2 tox , we searched for conserved residues in this region of the toxin. Notably, the four most conserved residues within Tne2 tox , Phe-330, Arg-343, Lys-353, and Gln-387, all localize to this region of the protein (Fig. 4A and Fig. S4C ). Phe-330 and Gln-387 are predicted to interact with the ribose moiety and the hydroxyl group in the 2-position of nicotinamide riboside, respectively, whereas Lys-353 is predicted to interact with the adenosine-linked phosphate group of the dinucleotide substrate. In contrast, Arg-343 is not predicted to interact with NAD ϩ ; rather, its guanidinium moiety forms a hydrogen bond with the carbonyl group of the Lys-353 peptide bond. In this location, Arg-343 positions the loop region between ␣2 and ␤3 of Tne2 tox , which is required for the formation of the NAD ϩ -binding cavity. Mutation of this residue would be predicted to cause a substantial widening of this cavity resulting in the movement of a significant number of predicted NAD ϩ -binding residues away from the substratebinding site. To test the functional importance of these four 
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residues, we expressed variants of Tne2 tox bearing alanine substitutions in each of these positions in E. coli. This analysis showed that mutation of Lys-353 or Gln-387 results in a modest decrease in growth inhibition, whereas the alanine substation of Phe-330 or Arg-343 almost completely abrogated Tne2 tox toxicity. We additionally generated an R343A/K353A double mutant, and the growth of this variant was indistinguishable from E. coli harboring a vector control (Fig. 4B) . 
To rule out the possibility that the differences we observed in E. coli growth are due to variable toxin expression levels, we next examined NAD ϩ hydrolysis rates using purified toxin. To accomplish this, we co-expressed wildtype Tne2 tox , Tne2 tox
R343A
, and Tne2 tox R343A/K353A as binary complexes with Tni2 to prevent toxicity during overexpression in E. coli. Purified toxin-immunity complexes were then subjected to denaturing conditions to separate immunity, and the toxins were refolded using renaturing buffer (Fig. 4C) . We then measured the rates of NAD ϩ turnover using an end-point assay that detects a base-catalyzed fluorescent breakdown product of NAD ϩ and found that wildtype Tne2 tox catalyzes an NAD ϩ hydrolysis rate of ϳ40,000 min Ϫ1 (Fig. 4D) . Mirroring our E. coli toxicity data, Tne2 tox R343A exhibited significantly reduced NADase activity (ϳ400 min Ϫ1 ), whereas the activity of Tne2 tox R343A/K353A was further reduced to the level of a Tni2-inhibited control (ϳ10 min Ϫ1 ). A similar trend was observed when we examined NADP ϩ hydrolysis rates; however, Tne2 tox is ϳ2-fold less efficient at hydrolyzing the phosphorylated form of the dinucleotide (Fig. 4E) . Analysis of the reaction products by LC-MS indicates that the enzyme severs the nicotinamide moiety from ADP-ribose (Fig. S5) . In total, our biochemical data support our molecular docking studies and indicate that NAD(P) ϩ hydrolysis by Tne2 tox requires a constellation of conserved charged and polar residues that line the substrate-binding pocket of the toxin.
Tne2 is the founding member of a widespread NADase effector family
Our finding that Tne2 is a NAD(P) ϩ -hydrolyzing effector involved in interbacterial antagonism prompted us to examine the prevalence of T6SS effectors harboring this biochemical activity. Because Tse6 was the first identified interbacterial NADase, we initiated our search by examining the phylogenetic distribution of its toxin domain (Tse6 tox ). Using the iterative homology search algorithm jackHAMMR to query the UniProtKB database, 127 Tse6 tox orthologous proteins were identified. Because NAD ϩ hydrolase activity has been associated with host cell targeting toxins that do not utilize the T6SS for export, we refined our list by excluding proteins that do not possess N-terminal trafficking domains associated with the T6SS or are not encoded adjacent to T6SS structural genes. Within our list of candidate NADase effectors, 37 possess PAAR domains, three harbor a domain belonging to the DUF4280 family of proteins, and an additional 64 are encoded in proximity to T6SS structural genes (Table S3 and Fig. S6 ). PAAR domains are typically associated with proteobacterial T6SSs (T6SS i ), whereas the DUF4280 domains, which are predicted to adopt a similar cone-shaped three-dimensional structure, are linked to the T6SS
iii found in the phylum Bacteroidetes (17, 36) . In keeping with our nomenclature for Tne2, we propose to name members of this family of NADase effectors Tne1.
We next examined the abundance and distribution of Tne2 tox orthologous proteins and identified 937 sequences. Of these, only 175 possess trafficking domains or are adjacent to structural genes implicating their transit through the T6SS (Table S4 and Fig. S7 ). However, in contrast to the Tne1 family, which is restricted to Gram-negative bacteria, we found that ϳ200 Tne2 orthologous proteins are found in the Gram-positive phylum Firmicutes. Within this subset of proteins, we noted that 43 contain predicted LXG or WXG-100 domains at their N termini. LXG and WXG-100 proteins are substrates of the T7SS, and we and others have recently implicated this pathway in interbacterial antagonism among Gram-positive Firmicutes (25, 26) . Thus, it appears that NAD(P) ϩ -hydrolyzing enzymes mediate bacterial competition via multiple specialized protein secretion systems found in diverse bacterial phyla (Fig. 5) .
Discussion
In this study, we sought to identify T6SS effectors required for interbacterial antagonism by the plant commensal bacterium P. protegens. This observation led us to identify and characterize RhsA and Tne2 as new substrates of the T6SS in this organism. Although RhsA belongs to a superfamily of endonucleases, the activity of Tne2 was not apparent from its sequence. Our structural and biochemical characterization of this protein 
Asterisks indicate NAD(P)
ϩ hydrolysis rates that are significantly higher than the Tni2-inhibited control.
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revealed that it possesses potent NAD(P) ϩ hydrolase activity and that it is the founding member of a widespread NADase effector family.
Previously, three T6SS effectors had been identified in P. protegens; however, we have found that these effectors do not significantly contribute to co-culture fitness on rich media. This observation, taken together with our prior work demonstrating that Tge2 confers a co-culture fitness advantage on low-salt media, suggests that different T6SS effectors have variable efficacy depending on environmental conditions (23) . Tge2 and Tae3 degrade peptidoglycan, and thus their effectiveness under low salinity is consistent with the requirement of the cell wall to withstand turgor pressure (24) . The mode of action of Tse4 has not been determined, but it is conceivable that the efficacy of this effector is also influenced by the extracellular milieu. In contrast, RhsA and Tne2 degrade cytoplasmic molecules essential to all cellular life, and therefore, their ability to inhibit the growth of bacterial competitors may not be as dependent on the conditions of the external environment. It is worth noting that Tne2 only contributes to co-culture fitness in a strain lacking rhsA. This phenotype could be due to effector synergy as the predicted consequence of RhsA intoxication would be DNA damage, the repair of which would require NAD ϩ -dependent DNA ligases. Alternatively, deletion of both tne2 and rhsA may prevent the export of additional yet unidentified effectors. Future work will be aimed at distinguishing between these two possibilities.
The lack of sequence identity between Tne2 tox and characterized NADase toxins demonstrates that proteins possessing this enzymatic activity can vary significantly in sequence while retaining the ability to hydrolyze NAD ϩ . This sequence variation is likely a result of a molecular "arms race" resulting from effector co-evolution with cognate immunity arising from selective pressure exerted by T6SS-dependent interbacterial antagonism. We found that Tsi6 (Tni1) and Tni2 differ in both sequence and structure, bind to non-overlapping sites on their associated toxin, and do not cross-neutralize non-cognate NADase effectors. Given these remarkable differences, we speculate that each Tne-Tni pair evolved independently from one another, and bacteria possessing a NADase effector-immunity pair from one family would not be resistant to intoxication by species harboring an effector-immunity pair from the other family. In this way, bacterial species harboring compatible immunity could co-exist in a community while at the same time exclude bacteria with incompatible immunity.
The Tne families identified herein greatly expand the diversity of known interbacterial NADase enzymes. Previously, Tse6 (Tne1) was the sole example of a T6SS NADase effector (28) . We show here that the toxin domain of this effector belongs to a family of T6SS NADases found in the Gram-negative phyla 
Proteobacteria and Bacteroidetes. Several Tne2 family members are also predicted substrates of the T6SS; however, we also identified a significant number of homologs in this family that are predicted substrates of the T7SS found in Gram-positive organisms. These genes encode N-terminal domains belonging to the WXG-100 and LXG families of proteins. WXG-100 domains are established signal sequences for the T7SS and LXG domains, given their predicted structural similarity to WXG-100 domains, and likely also fulfill this role (37, 38) . Our recent characterization of T7SS-exported LXG substrates from Streptococcus intermedius B196 identified the TelB protein as an interbacterial NADase secreted by this organism (25) . TelB bears no homology to the Tne1 or Tne2 families of NADases; rather, it belongs to a previously defined family of host celltargeting NADases. The founding member of this family (formerly termed DUF4237) is tuberculosis necrotizing toxin (TNT) from Mycobacterium tuberculosis (39) . Unlike the Tne families, TNT family members are broadly distributed in fungi in addition to many species of pathogenic bacteria. TNT does not require the T7SS for export and facilitates its own entry into host cells. We speculate that host cell-targeting NADases evolved from ancestral interbacterial predecessors. Furthermore, their ability to intoxicate eukaryotes arose through the acquisition of trafficking domains that alter their targeting specificity to different cell types. In this way, the rapid evolution of antibacterial effectors arising from interbacterial antagonism may play a significant role in the ongoing evolution of virulence.
Experimental procedures
Bacterial strains, plasmids, and growth conditions All P. protegens strains generated were derived from the sequenced strain Pf-5 (22) . The P. putida strain used in this study was derived from the sequenced strain KT2440 (40) . P. protegens mutants were generated by allelic exchange as described previously (23) . E. coli strains XL1-Blue, BL21(DE3) CodonPlus, and SM10 were used for plasmid maintenance, gene expression, and conjugative transfer, respectively. A detailed list of strains and plasmids used in this study can be found in Tables S1 and S2 . P. protegens and P. putida strains were grown at 30°C in LB medium supplemented with 30 g ml Ϫ1 gentamicin when needed. E. coli strains were grown in LB at 37°C supplemented with 50 g ml Ϫ1 kanamycin, 150 g ml Ϫ1 carbenicillin, 200 g ml Ϫ1 trimethoprim, 0.1% w/v Lrhamnose, and 0.5 mM IPTG as required.
Bacterial competition assays
Interspecies competition assays between P. protegens and P. putida were performed as described previously with a few minor modifications. Briefly, overnight cultures of P. protegens donor strains and the P. putida recipient strain were mixed in a 10:1 ratio (determined by A 600 ), and 5 l of the mixture was spotted onto a 0.2-m nitrocellulose membrane overlaid on a 3% LB agar plate. Competitive indices were calculated by enumerating donor/recipient colony-forming units after 8 h of growth at 30°C. All competitive indices were adjusted by the donor/recipient ratio in the initial inoculum. The P. putida recipient strain expresses a gfp construct from the attTn7 site to enable its differentiation from unlabeled P. protegens donor via selection on gentamicin or GFP fluorescence.
Growth curves and toxicity assays
For growth-curve experiments, stationary phase E. coli BL21 (DE3) CodonPlus cells harboring plasmids expressing the indicated genes were back-diluted 200-fold into LB broth containing the appropriate antibiotics. Cultures were grown at 37°C with shaking in 96-well plates, and A 600 readings were taken every 30 min for 3 h using a Synergy 4 Microplate Reader (BioTek Instruments). Expression of toxin and immunity genes was induced by the addition of 0.1% (w/v) L-rhamnose and 200 M IPTG, respectively, followed by an additional 5-h incubation under the same conditions.
For toxicity assays, E. coli BL21 (DE3) CodonPlus cells harboring the indicated plasmids were either struck out on LB agar containing the appropriate antibiotics, 0.1% (w/v) L-rhamnose, and 150 M IPTG (for Tsi6/Tni2 rescue experiment) or diluted 1:10 6 , and each 10-fold dilution was spotted onto 3% LB agar plates containing 200 g ml Ϫ1 trimethoprim and 0.1% (w/v) L-rhamnose (for Tne2 point mutants).
Protein expression and purification
Protein expression constructs were transformed into E. coli BL21 (DE3) CodonPlus cells, and growth in LB broth was supplemented with the appropriate antibiotics. Cells were grown at 37°C with shaking to an A 600 prior to induction with 1 mM IPTG. Post-induction, cells were grown for an additional 5 h at 30°C before being pelleted by centrifugation and flash-frozen. For the Tne2 tox -Tni2 complex used in crystallization, cells expressing this complex were resuspended in Buffer A (50 mM Tris-HCl, pH 8.0, 300 mM NaCl, 10 mM imidazole) prior to lysis by sonication. Cell lysates were then cleared by centrifugation, loaded onto a gravity flow column containing Ni 2ϩ -nitrilotriacetic acid (Ni-NTA)-conjugated agarose, and washed with 50 ml of Buffer A. Bound complex was then eluted with Buffer A supplemented with 400 mM imidazole. The Tne2 tox -Tni2 complex was then further purified by size-exclusion chromatography using a 16/600 HiLoadS200 run in 20 mM Tris-HCl, pH 8.0, 150 mM NaCl. Proteins used for binding studies and enzyme assay were purified using the same chromatographic procedures except that the buffer used was Buffer B (10 mM sodium/ potassium phosphate, pH 7.4, 137 mM NaCl, 2.7 mM KCl) with added imidazole when needed. For experiments requiring purified Tne2 tox or point mutants thereof, a denaturation and refolding protocol was employed. Briefly, the Ni-NTA-agarosebound Tne2 tox -Tni2 complex was denatured with 50 ml of Buffer B containing 8 M urea to remove untagged Tni2. Tne2 tox was then refolded in 50 ml of Buffer B prior to elution from the column. Refolded proteins were further purified by size-exclusion chromatography run in Buffer B.
Crystallization and structure determination
Purified selenomethionine-incorporated Tne2 tox -Tni2 complex was concentrated to 20 mg ml Ϫ1 by spin filtration and screened for crystallization conditions using the hanging drop vapor diffusion technique and commercially available crystallization suites (MCSG1-4, Anatrace). After 1 week, polycrystalCharacterization of a novel T6SS NADase effector family line clusters were obtained in 30% (v/v) PEG 400, 100 mM MgCl 2 , 100 mM MES, pH 6.5. The clusters were used to generate a seed stock that was used for subsequent streak seeding into an optimization screen that systematically varied PEG 400 concentration and MES pH. This approach yielded singular diffraction quality crystals in a condition containing 34% (v/v) PEG 400, 100 mM MgCl 2 , 100 mM MES-NaOH, pH 7.0. Crystals were flash-frozen without any added cryoprotectant, and diffraction data were collected on beamline 21-ID-F at the Advanced Photon Source. X-ray data were processed with HKL-2000, and experimental phases were obtained using the Phenix AutoSol, and an initial model was generated using Phenix AutoBuild (41, 42) . Minor model adjustments were made manually using COOT between iterative rounds of refinement using Phenix. refine (43, 44) . The final model of Tne2 tox -Tni2 was refined to an R work /R free of 18.1 and 21.6%, respectively ( Table 1) .
Determination of cellular NAD
؉ levels
The determination of relative cellular NAD ϩ levels was performed as reported previously (28) . Briefly, overnight cultures of E. coli strains harboring the appropriate expression plasmids and a vector control were back-diluted 200-fold into LB broth and grown at 37°C with shaking to mid-log phase prior to induction of protein expression with 0.1% (w/v) L-rhamnose and 150 M IPTG. One-hour post-induction, cultures were diluted to A 600 ϭ 0.5, and 500 l of cells were collected by microcentrifugation. Cells were then lysed in 0.2 M NaOH, 1% (w/v) cetyltrimethylammonium bromide followed by treatment with 0.4 M HCl at 60°C for 15 min. After neutralization with 0.5 M Tris base, samples were then mixed with an equal volume of NAD/NADH-Glo detection reagent (Promega) prepared immediately before use as per the instructions of the manufacturer. Luciferin bioluminescence was measured continuously for 2 h using a Synergy H1 plate reader. The slope of the luciferin signal from the linear range of the assay was used to determine relative NAD ϩ concentration compared with a vector control strain.
Isothermal titration calorimetry
Purified Tni2, Tsi6, and Tne2 tox were dialyzed into PBS buffer, and each solution was degassed prior to experimentation. ITC measurements were performed using a Nano ITC (TA Instruments). Titrations were carried out with 130 M Tni2 or Tsi6 in the syringe and 13 M Tne2 tox in the cell. Each titration experiment consisted of 20 2.5-l injections with 300-s intervals between each injection. The ITC data were analyzed using NanoAnalyze 2.1 (TA Instruments) and fit using a single-site binding model.
Substrate docking
Molecular docking of NAD ϩ onto the Tne2 tox structure was performed using AutoDock Vina with the AutoDock Tools GUI (45, 46) . A search volume that included the entire surface of Tne2 tox was queried, and potential NAD ϩ -binding sites were ranked based on predicted free energy of binding. The most thermodynamically favorable ligand-bound structure was used as a guide for subsequent mutational analyses of Tne2 tox .
NAD(P)
؉ hydrolysis assay Hydrolysis rates of NAD(P) ϩ and NAD(P) ϩ by Tne2 tox were determined using a base-catalyzed fluorescence end-point assay (47) . 100-l reactions in PBS buffer contained either 0.2 mM NAD ϩ or 0.15 mM NADP ϩ and the following concentrations of each enzyme: Tne2 tox (25 pM); Tne2 tox -Tni2 (100 nM); Tne2 tox R343A (2 nM); and Tne2 tox R343A/K353A (100 nM). Each enzyme concentration was chosen to ensure Ͻ10% of the total substrate was consumed. Reactions were incubated at 37°C for 30 min and subsequently terminated by the addition of 50 l of 6 M NaOH. Following a 30-min incubation at room temperature in the dark, the base-catalyzed fluorescent breakdown product of the remaining NAD ϩ and NADP ϩ was measured using a Synergy 4 Microplate Reader (BioTek Instruments) at excitation and emission wavelengths of 360 and 420 nm, respectively. The amount of NAD ϩ and NADP ϩ hydrolyzed in each reaction was determined by interpolation from a standard curve.
Mass spectrometry
mM NAD
ϩ was incubated for 30 min at room temperature in the presence or absence of 100 nM Tne2 tox . Samples were then passed through a spin filtration unit (10-kDa cutoff, Millipore), and the reaction products were analyzed in an LCMS system including an Agilent 1200 series HPLC system coupled with a Bruker MicroTOF II mass spectrometer. For each run, 10 l of sample was injected onto an Eclipse XDB-C18 (2.1 ϫ 100 mm, 3.5 m) reverse phase C18 column at a flow rate of 0.15 ml min Ϫ1 , using a mobile phase consisting of 5 mM ammonium formate (A) and methanol (B). Reaction products were eluted using a linear gradient that began at 95% (A) and ended at 10 min with 70% (B). The mobile phase was then held at 70% (B) for 5 min. Finally, the mobile phase was returned to 95% (A) at 15.1 min, and the column was reequilibrated with 95% (A) for 4 min. The flow rate was increased to 0.40 ml min Ϫ1 during this washing and reequilibration phase and then returned to the initial flow rate of 0.15 ml at 19.1 min. NAD ϩ and ADP-ribose were ionized by electrospray ion source, using N 2 for nebulization (pressure of 2.0 Bar) and drying (flow of 6 liters min Ϫ1 , temperature of 200°C). Capillary voltage was 4500 V, end plate offset Ϫ500 V, hexapole radio frequency 450.0 Vpp, energy transfer time of 49.0 s, and pre-pulse storage of 10.0 s. Mass spectrometry data were collected in positive electrospray ionization mode. Data were acquired in centroid mode spanning an m/z range of 100 -800. The resulting mass spectra were analyzed using the Hystar 3.2 software package.
Informatic identification of NADase families
Protein sequences for the toxin domains of Tse6 (Tne1, residues 282-430) and Tne2 (residues 260 -408) were subjected to an iterative homology search using the HMMER algorithm (jackHMMER) (48) . In both cases, the homology searches converged, resulting in 127 and 937 sequences for the Tne1 and Tne2 groups, respectively. Sequences were then filtered for those containing trafficking domains associated with T6SSs (PAAR) or T7SSs (LXG and WXG100).
Characterization of a novel T6SS NADase effector family
